Neotropical migratory birds are declining across the Western Hemisphere, but 31 conservation efforts have been hampered by the inability to assess where migrants 32 are most limited -the breeding grounds, migratory stopover sites, or wintering 33 areas. A major challenge has been the lack of an efficient, reliable, and broadly 34 applicable method for connecting populations across the annual cycle. Here we 35
Over half of the Neotropical migrant bird species found breeding in North America have 48 shown marked declines in abundance over the last several decades (Robbins 1989; Sauer 49 et al. 2012) . Population declines are thought to relate to stressors encountered by 50 migrants at each stage in the annual cycle -the breeding grounds, the wintering grounds, 51 and migratory stopover points (Rappole 1995) . At each stage birds are subject to a 52 number of disturbances including habitat loss, collisions with wind turbines and cell 53
In the last several years, genome sequencing has revolutionized the field of molecular 77 ecology, resulting in new technologies that can be applied to molecular tagging of wild 78 populations (Davey et al. 2011) . Genome reduction techniques, such as Restriction Site 79
Associated DNA sequencing (RAD-seq), can be used to sequence multiple individuals 80 across a large fraction of the genome and identify hundreds of thousands of genetic 81 markers that are useful for distinguishing populations (Baird et al. 2008) . One type of 82 genetic marker that can be identified from genomic sequence data is a Single Nucleotide 83 Polymorphism (SNP), DNA sequence variation occurring when a single nucleotide in the 84 genetic code -A, T, C, or G -differs between individuals or homologous chromosomes. 85
In particular, SNPs found within or linked to genes under selection often display elevated 86 allele frequencies and, as a result, can be targeted to reveal population structure at finer 87 spatial scales than is possible using neutral genetic markers (Nielsen et al. 2012; Nielsen 88 et al. 2009 ). Furthermore, SNP-specific assays designed to target small fragments of 89 sequence around the SNP loci of interest can be advantageous in cases where the DNA is 90 highly fragmented or available only in very small quantities, such as DNA from a single, 91 small passerine feather. 92 93 Here we develop high-resolution SNP markers for tracking populations of a migratory 94 bird, the Wilson's warbler, Cardellina pusilla, using a combination of Restriction Site 95 Associated DNA paired end sequencing (RAD-PE seq) and high throughput SNPtype TM 96 Assay screening. The Wilson's warbler, a long-distance neotropical migratory bird with 97 a cross-continental breeding distribution (Ammon & Gilbert 1999) , is particularly 98 appropriate as model for testing the efficacy of high-resolution molecular markers 99 because previous population genetic/connectivity studies on this species provide a solid 100 basis for comparison between methods (Clegg et al. 2003; Irwin et al. 2011; Kimura et 101 al. 2002; Paxton et al. 2007 ; Paxton et al. 2013; Rundel et al. 2013; Yong et al. 1998) . 102
By harnessing recent advances in Next-Generation Sequencing we scan the genomes of 103
Wilson's warblers sampled from across the breeding range and identify a set of highly 104 divergent SNP loci with strong potential for population identification. We then develop 105 SNPtype TM Assays that target these highly divergent loci and use them to screen 1626 106 feather and blood samples collected from across the annual cycle in collaboration with 107 bird banding stations located across North and Central America. We illustrate how the 108 resulting region-specific migration map can be used to help identify drivers of regional 109 demographic trends and inform studies of migrant stopover ecology. (Table 1) . Genetic samples, 119 consisting of the tip of one outer rectrix or blood collected by brachial vein puncture and 120 preserved in lysis buffer (Seutin 1991) , were purified using Qiagen DNeasy Blood and 121 Tissue Kit and quantified using a NanoDrop™ Spectrophotometer (Thermo Scientific, 122 Inc) . Breeding (June 10 -July 31), migratory (March 1 -May 31), 123 and wintering (December 1 -February 28) samples were collected and categorized into 124 groups based on collection date, signs of breeding (presence/size of a cloacal 125 protuberance), signs migration (extent of fat) and life history timetables for the Wilson's 126 warbler (Ammon & Gilbert 1999 passing the initial quality filter was used to create a reference set of RAD-PE contigs 153 against which sequences from other samples were aligned. To create the reference, 154 primary reads were clustered into unique RAD markers and the paired-end sequences 155 associated with each RAD tag were assembled de novo using Velvet (Zerbino & Birney 156 2008) into contigs ranging from 180 -610 bp, with an average length of 300bp. Paired-157 end reads from the remaining samples were aligned to this reference using Bowtie 158 (Langmead & Salzberg 2012) and SNPs were identified using the SAMtools software (Li 159 et al. 2009 ) with mpileup module under standard conditions. 160
161
To narrow our dataset to SNPs we could confidently use to assess population structure we 162 performed a second round of quality filtering and removed: (1) putative SNPs with no 163 variants and / or more than two alleles; (2) genotypes in individuals with a quality score 164 To avoid the possibility of erroneous matches, the data was filtered to include only 174 contigs that aligned to the zebra finch genome with only a single hit and an E-value < 10 -175 40 . Because SNPs with large frequency differences are the most effective for identifying 176 populations, all SNPs that passed our second round of quality filters were ranked 177 according to frequency differences between the 5 regions (SI Table 2 ) and 150 SNPs 178 displaying the largest allele frequency differences between each of the 10 pairwise 179 comparisons were selected for conversion to SNPtype TM Assays (Fluidigm Inc). Before 180 making a final selection, we also considered factors such as: GC content (<65%), number 181 of genotypes per population, and average coverage at a SNP across all populations (SI 182 Table 2 ). An initial assay pre-screening panel was then performed and the assay pool 183 was further reduced to the 96 assays (the number that fit on a single 96.96 Fluidigm 184 Array) that could be genotyped most reliably (SI Table 2 ). While genetic differentiation (F ST ) is likely inflated because selected loci were not a 210 random sample from the genome, we calculated F ST here for comparison to previous 211 genetic analysis. F ST between all pairs of populations was calculated as θ (Weir & 212 Cockerham 1984), using the software GENETIX vers. 4.05 (Belkhir et al. 1996 (Belkhir et al. -2004 and the data were permuted 1000 times to determine significance. We used the program 214 STRUCTURE ver. 2.2, to further assess the potential for population structure across the 215 breeding grounds (Pritchard et al. 2000) . Ten runs at each K value (K= 1-9) were 216 performed under the admixture model with correlated allele frequencies using a burn-in 217 period of 50,000 iterations, a run length of 150,000. All scripts used for the 218 STRUCTURE runs and subsequent population genomic analyses are located at Table 1 ). 256
The median depth of sequencing across all contigs within a library was 33x and the 257 average Phred quality score per library was 35 (SI Table 1 ). Overall, 166,268 SNPs 258 passed the second round of quality filters and 19,707 of those were candidates for 259 conversion into SNPtype™ Assays based upon the absence of variation in 40 base pairs 260 of flanking sequence surrounding the SNPs. Candidate SNPs were ranked according to 261 frequency differences, GC content, the number of genotypes per region, and the average 262 coverage and the final panel was composed of 96 SNPs with pairwise frequency 263 differences between regions ranging from 1 -0.4 (SI Table 2 ). For contigs that could be 264 mapped to the zebra finch genome with high confidence, the minimum distance between 265
SNPs was 41KB and no two SNPs were selected from the same contig in order to avoid 266 the possibility of linked markers (SI Table 2 ). In this study we refer to the final panel of 267 96 highly differentiated SNPs as high-resolution genetic markers. 268
(b) SNP screening 270
The resulting high resolution genetic markers were used to screen 1626 samples collected 271 from 68 sampling locations across the breeding, wintering and migratory range (Table 1) , 272 with 117 samples excluded due to low quality genotypes (>6 loci excluded). The 273 samples with the highest proportion of reliable genotypes were from fresh feather 274 extractions (n reliable / total = 660/686 or 96% reliable), followed by fresh blood extractions 275 (n reliable / total = 100/106 or 94% reliable), and finally extractions that were >3 years old 276 (n reliable / total = 701/786 or 90% reliable). Tests for conformity to HWE revealed that all 277 but 1 of the 94 loci (AB_AK_20) in 2 of the 23 breeding populations (D an L; Table 1 Table 3 ). The number of genetically distinct groups was set at 6 based upon 295 convergence between results from STRUCTURE (k=6, average ln P(X|K) = -33359), 296 GENELAND, and GSI_Sim ( Fig. 1a&b ; Table 2 ). While 7 genetically distinct groups 297 was also strongly supported by GENELAND and STRUCTURE (K=7, average ln P(X|K) 298 = -33286; SI Fig. 1) , with sampling locations from British Columbia and Alberta (E and 299 F) forming a seventh group distinct from Alaska, the power to accurately assign 300 individuals to groups at k=7 decreased significantly using both STRUCTURE and 301 GSI_Sim (SI Fig. 1) . 302
303
Leave-one-out cross validation using GSI_Sim indicated that the ability to correctly 304 assign individuals to groups was high, ranging from 80 -100%. The eastern group had 305 the highest probability of correct assignment (100%), followed by Alaska to Alberta 306 (94%), the Southern Rockies and Colorado Plateau (92%), the Pacific Northwest (84%), 307 the Sierra Nevada (81%) and Coastal California (80%) ( Fig. 1b ; Table 2 Table 4 ). Unlike the presence of strong connectivity across much of the 318 range, Wilson's warblers breeding from Alaska to Alberta were identified in all but one 319 of our migratory stopover sites and across all wintering areas, apart from western Mexico 320 and southern Baja (Fig. 1b , all but location g; SI Table 4 ). 321 322 Assignment of migrants collected in a time series from Cibola, AZ revealed a strong 323 temporal pattern in stopover site use across the spring migratory period ( Fig. 1c ; Table 3) . Full life cycle conservation of declining migrant songbirds has been hindered by lack of 335 an efficient tracking technology that is both broadly applicable and high resolution. Here 336 we demonstrate how high-resolution molecular markers can be applied towards full life 337 cycle conservation of a migrant songbird, the Wilson's warbler, with a degree of 338 reliability and efficiency that has not been demonstrated using previous tracking methods. 339
By harnessing recent advances in Next-Generation Sequencing we show that 96 highly 340 divergent SNPs selected from a large pool of candidates (~450,000 SNPs) can be used to 341 identify genetically distinct groups on spatial scales that are informative for regional 342 conservation planning. Our analysis indicates that the power to identify individuals to 343 breeding populations is high (80 -100%) and that reliable genotypes can be attained from 344
96% of feathers collected non-invasively from established bird monitoring stations across 345
North and Central America. Because of the biallelic nature of the SNPs in our panel, our 346 genetic data are also easier to validate and standardize across labs than isotope and other 347 genetic methods and, once the assays have been developed, it is possible to genotype 348 1.88, 95% CI = 2.97, -1.11), but an analysis of regional trends suggest that populations in 360 the Sierra Nevada and the Southern Rockies/Colorado Plateau are declining more 361 strongly (BBS Trend sierra = -4.71, 95% CI = -6.41, -2.85; BBS Trend rockies = -2.95, 95% 362 CI = -4.32, -1.42) (Sauer et al. 2012 ). Here we illustrate that by targeting highly 363 divergent SNP loci we can confidently identify a minimum of six genetically distinct 364 groups across the breeding range with a resolution in the western US equivalent to the 365 spatial scale of regional population declines. Furthermore, the spatial scale of our genetic 366 groups is commensurate with many a priori defined Bird Conservation Regions, 367 ecologically distinct areas in North America with similar habitats and resource 368 management issues (Millard et al. 2012) . The ability to align the spatial scale of 369 population genetic structure with the spatial scale of population declines and conservation 370 planning provides a powerful framework from which to base full life cycle conservation 371 ( Fig. 1a & b) . and space that are much richer and stronger then previously recognized. For example, 382 here we show that Wilson's warblers breeding in Coastal California (Fig. 1b, yellow ) 383
share their wintering area in southern Baja with Pacific Northwest breeders (Fig. 1b,  384 green) and that both of these groups also winter to the east of Baja in Sinaloa, MX, with 385 Sierra Nevada breeders (Fig. 1b, pink) (Fig. 1b, orange) 
occupy a restricted El 391
Salvador-to-Costa Rica wintering distribution and migrate North along the Central 392 Flyway, while eastern breeders (Fig. 1b, red) While our results suggest that high-resolution molecular markers surpass previous genetic 447 markers in terms efficiency and resolution, our conclusions could be further strengthened 448 by the inclusion of additional data and analyses. For example, the robustness of the 449 patterns described here varies depending upon the sample size at each location and in 450 some locations, such as in Belize and many of the migratory stopover sites (Fig. 1b,  451 locations l, d, e, f, g), additional sampling across time and space is needed. In addition, 452 while our assignment probabilities are very high for an intrinsic marker (80 -100%) there 453 is a potential for incorrect assignments, particularly between the three western groups 454 (Coastal California, Pacific Northwest, and the Sierras) were admixture is likely (Table  455 2). Similarly, there are large regions on the breeding grounds that could not be 456 distinguished using our markers, such as birds breeding from Alberta to Alaska (purple, 457 Fig. 1b ). In the future, the addition of more genetic loci as well as the addition of 458 isotopic markers and statistical methods for combining both sources of data into a single 459 statistical framework will help further resolve populations across the range (Rundel et al. 460 2013) . Lastly, it is important to note that the spatially explicit depiction of the genetic 461 results generated in GENELAND may not accurately identify the location of boundary 462 between genetic groups. Additional sampling across the projected boundaries will help 463 clarify the location of the genetic breaks as well as the factors driving differences 464 between Wilson's warblers in each region. Such genetic differences are particularly 465 interesting in light of the documented differences in migratory timing for Wilson's 466 warblers described herein and the potential for migration timing to contribute to 467 divergence in migratory birds more generally (Bearhop et al. 2005 be applied to help address many of these continuing research needs with a level of 475 efficiency and reliability that has not previously been demonstrated. In the last several 476 years there has been a revolution in sequencing technology that has increased by orders 477 of magnitude the amount of sequence data that can be generated, while at the same time 478 reducing the cost of individual-level analysis (Metzker 2010) . Table 2 . Assignment of Wilson's warblers of known origin back to breeding population using GSI_Sim. Population names are listed in Table 1 and the colors indicate the genetic group ( Fig. 1) . Population (Fig. 1 the data corresponds to the information presented in Figure 1c . 
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